The bismuth doped aluminosilicate phases leucite (KAlSi 2 O 6 ), gallium leucite (KGaSi 2 O 6 ) and pollucite (CsAlSi 2 O 6 ) display the broadband NIR photoluminescence. The active center, responsible for this luminescence is Bi + monocation, which substitutes for the large alkali metal cations. The Al, Si -disorder in aluminosilicate framework of studied crystal phases results in the heterogeneity of Bi + luminescent center population, which manifest itself in the characteristic dependency of luminescence spectrum shape on the excitation wavelength. The relation of NIR emission in Bi + -doped leucite and pollucite phases to the luminescent properties of bismuth-doped glasses is also discussed.
Introduction
Since the discovery of the broadband near-infrared (NIR) photoluminescence from bismuth doped glasses [1] [2] [3] [4] [5] and crystalline materials [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] 23 and bismuth clusters species 24 . The relating information was also summarized in the recent review 25 . Now it is quite accepted that low-valent (subvalent) bismuth species with Bi oxidation state less than +3 are responsible for NIR emission [26] [27] [28] . A lot of subvalent bismuth polycations was known since 1960's and the broadband NIR and even mid-infrared luminescence from Bi 5 3+ and Bi 8 2+ polycations had been discovered recently [29] [30] [31] [32] [33] . It is interesting that NIR luminescence had been detected also from bismuth dimer anion Bi 2 2-in (K-crypt) 2 Bi 2 crystal phase 34 .
It was also demonstrated, that the univalent bismuth cation Bi + is the NIR emitter in the ternary halide crystals KAlCl 4 , KMgCl 3 , RbPb 2 Cl 5 , CsCdCl 3 , 14, 17, 18, 35, 36 where Bi + substitutes isomorphically for the large alkali cations. On the other hand, it seems that several different emitters contribute to the net NIR photoluminescence in Bi-doped SiO 2 and GeO 2 -based glasses 37, 38 . To understand the origin of NIR photoluminescence in Bi-containing silicate and germanate glasses, the investigation of model SiO 2 or GeO 2 -based crystals, doped with bismuth is highly desirable, since crystal hosts offer more restrictive and structured environment for the possible bismuth-containing luminescent species. This aspect can diminish the diversity of possible luminescent centers, simplifying the interpretation of photoluminescence spectra. Sun at al. studied the incorporation of NIR-luminescent subvalent bismuth centers into the zeolite Y cages [11] [12] [13] . 1c ) and also (as will be discussed below) eliminates the broad bismuth NIR luminescence spectrum, characteristic for Bi-doped glass phase. To our knowledge, this is the first report of CsAlSi 2 O 6 pollucite phase crystallization from B 2 O 3 flux.
The spectra of NIR photoluminescence, luminescence excitation and 2D excitationemission spectra along with photoluminescence kinetic characteristics were obtained at room temperature as described earlier 17, 18, 35, 36 .
Several CW diode and DPSS lasers with wavelengths 450 nm, 470 nm, 532 nm, 635
nm, 660 nm and 690 nm and 20-200 mW output power were employed to excite the photoluminescence.
XRD characterization was afforded with DRON-3 X-ray diffractometer. 
Results and discussion
At sufficiently high temperatures the oxygen partial pressure, generated by process (1) overwhelm the oxygen concentration in atmosphere, and subvalent bismuth species can be formed by melting of bismuth-containing compositions in the open air.
Upon glass crystallization of the both compositions 60Leu40Dio5Bi and 20KGaSi 2 O 6 -1Bi 2 O 3 the dramatic changes in NIR luminescence spectra had occurred: the luminescence peaks became much sharper (although still rather broad) at every excitation wavelength (Fig. 2,3 ) and blue-shifted relative to the corresponding glasses. The dependency of the photoluminescence spectra shape on the excitation wavelength is more pronounced in these crystallized specimens (λ max =1188 nm at λ ex =470 nm and λ max =1170 nm at λ ex =532 nm for 60Leu40Dio5Bi glass whereas λ max =1202 nm at λ ex =470 nm and λ max = 1170 nm at λ ex =532 nm for 20KGaSi 2 O 6 -1 Bi 2 O 3 ).
This marked change of the luminescence spectrum upon glass crystallization can be rationalized as possible interplay of two factors: (i) the initial glass contains many kinds of bismuth NIR luminescent centers, but due to the steric restrictions, only the limited number of such centers (or even one center) can be incorporated into crystal phase after glass crystallization, resulting in the simplification of luminescence spectrum (ii) the spectrum became sharper after the NIR luminescent center transition from disordered (glass) to ordered (crystal) phase.
The photoluminescence spectra of crystallized 20KGaSi 2 O 6 -1 Bi 2 O 3 specimen contains only weak long-wavelength tails (above 1400 nm), whereas in 60Leu40Dio5Bi specimen these tails are prominent. It is reasonable to consider, that these tails originate from the luminescence of the residual glassy phase. Indeed, the crystallized 60Leu40Dio5Bi specimen
should contain large amount of the residual glass, since we did not observe the indications of massive diopside crystallization from this glass (Fig. 1a) . So, the most of diopside in this composition should remain glassy. We also succeeded in the preparation of bismuth-doped pollucite from B 2 O 3 -containing flux. As the crystal structures of pollucite and leucite are similar it is no wonder that the NIR luminescence spectra from Bi-doped pollucite are also similar to the Bi-doped leucites (Fig. 4) . Also, the Bi-doped pollucite can be prepared in form, sufficiently pure from the remaining non crystallized glassy phase, which makes it the convenient materials for the study of Bi-doped NIR luminescence in the crystal aluminosilicates.
One prominent feature of NIR luminescence from Bi-doped leucites and pollucite is the marked dependence of luminescence spectra on the excitation wavelength (Fig. 4 , for pollucite λ max =1196 nm at λ ex =405 nm, λ max =1170 nm at λ ex =532 nm, λ max =1066 nm at λ ex =635 nm, λ max =1074 nm at λ ex =660 nm and λ max =1090 nm at λ ex =690 nm). This dependence implies that several different bismuth-containing luminescent centers are present in the studied aluminosilicate phases. To elucidate the nature of theses centers we had prepared the pollucite phases with different amounts of bismuth oxide in the starting mixtures.
We found that the increased proportion of bismuth oxide in the batch intensifies the NIR luminescence of the prepared pollucite phase. In fact, the intensities of photoluminescence from the three pollucite specimens, prepared with the aid of fluxes with different bismuth contents relates as 1:2.2:7.4 (with excitation at 532 nm). This correspond roughly to the ratio of bismuth content (1:3:9) in the starting mixture -the deviation can be resulted from bismuth evaporation from the flux. This fact signifies that the increased amount of bismuth in the batch leads to the pollucite specimens, containing more bismuth luminescent centers. It is interesting, that the overall shape of the luminescence spectra (measured at different excitation wavelengths) is independent on the concentration of luminescent centers in pollucite. So, the photoluminescence spectra, excited at specified wavelength for specimens with different amount of Bi 2 O 3 in initial batch can be perfectly superimposed upon one another (Fig. 5 ). This is in sharp contrast with the properties of Bi-related NIR luminescence from SiO 2 -based glasses, where the variation of Bi 2 O 3 concentration markedly affects the shape of luminescence spectrum [42] [43] [44] .
These independence of luminescence spectra shape on bismuth concentration in the . creating the above mentioned heterogeneity of luminescent center population. Also, the off centering of Bi + position in the cage and possible crystal lattice defects can also contribute to the inhomogeneous broadening of luminescence. The disorder in the Cs + ion environment in synthetic pollucite was observed earlier by Ashbrook et al 46 .
As the characteristics of NIR luminescence from Bi-doped leucites mimic the emission properties of Bi-doped pollucite, we suggest, that the model of Bi + NIR luminescent center, which we deduce for pollucite can also be applicable for aluminium and gallium leucites, where Bi + isomorphically substitute for K + . This suggestion is also strengthened by the data on temporal luminescence decay in Bi-doped gallium leucites, measured at different emission wavelengths. Indeed, we had found that NIR luminescence decay was always singleexponential with lifetimes only slightly varying along emission wavelength range (401-429 µs in seven measurements at wavelengths from 1100 to 1300 nm, Fig. 6 ). This implies the similar nature of emissive centers for all observed NIR luminescence spectral diapason. Also, the characteristic decay time of NIR luminescence is similar to the other crystal phases 18, 35 , doped with Bi
Returning to the heterogeneity of Bi + population due to the different crystal environment we can suggest the simple qualitative picture, based on empirical crystal field model of Davis et al 47 .
Bi + monocation in free space has the nondegenerate 3 P 0 ground state; triply degenerate lowest excited 3 P 1 level and then quintuple degenerate 3 P 2 level. The crystal field of low symmetry in disordered pollucite lattice split all the degenerate levels and the lowest energy component from 3 P 1 manifold form the level, from which the main radiative transition to the ground state had occurred, causing NIR luminescence. Due to the disordered crystal lattice, the Bi + population is heterogeneous -situated in different crystal environment with varying crystal field strength. The energy gap between the lowest excited level and the ground state became narrow in the relatively strong-field environment due to increased 3 P 0 split (See Fig. 7) . So, the red-shifted portions in NIR luminescence spectrum are emitted from relatively strong-field luminescent centers. Optical excitation of NIR luminescence is performed via absorbance at transition 3 P 0 → 3 P 2 to the components of the split 3 P 2 level with subsequent internal conversion to the luminescent level in 3 P 1 manifold. If we scan the excitation wavelength from blue to the red, decreasing the maximal available energy of photoexcited state, we firstly change the selection of excited luminescent centers from strong to weak-field, obtaining the luminescence with progressively decreased wavelengths of maxima (Fig. 7) . Then, after passing the excitation wavelength, corresponding to the unperturbed 3 P 0 → 3 P 2 transition (at zero field) , the continued red shift in excitation will produce the opposite effect of selecting relatively more strong-field luminescent centers and the wavelength of luminescence maximum begin to increase with the increasing of excitation wavelength. This tendency can be seen in data on Fig. 4 . In this manner, the 2D excitationemission spectra of NIR luminescence can be viewed as the plots of available excitation energy vs. relative crystal field strength, proportional to the emission wavelength. The intensity, shown in these spectra illustrates the distribution of luminescent centers vs. crystal field strength of its environment. The simple qualitative model, explained above should 
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manifest itself in 2D excitation-emission spectra as the existence of two branches with opposite dependence of emission maxima wavelength on excitation one. These two branches intersect each other at excitation wavelength, corresponding to 3 P 0 → 3 P 2 optical transition in Bi + luminescent center at zero crystal field. As the population of such weakest-field centers in the specimens is negligible, the intensity of branches nearly vanished at intersect point, and it can be found only by the extrapolation. Such characteristic 2D excitation-emission plot for
Bi-doped gallium leucite specimen is shown on Fig. 8 , and bismuth/aluminum codoped zeolite derived glass nanoparticles 50 .
The results of present investigation also confirm this hypothesis.
Probably, other subvalent and also emissive centers can be formed in glasses at high bismuth doping level (or without aluminium codoping). These emissive centers can be responsible for the luminescence at relatively long wavelengths, which are also present in leucute glasses, but disappear mainly after crystallization. It was observed earlier, that simultaneous existence of different emitting centers in Bi-doped optical materials can hamper the possible laser generation on each of these centers 51 . So, Bi + -containing aluminosilicate crystals can offer the good possibility for creating the solid state laser media with welldefined active centers.
Conclusions
In contrast with the glass media, the aluminosilicate leucite and pollucite crystals offer restricted environment to possible subvalent luminescent bismuth centers, so only Bi + monocations are observed as NIR emitting centers at different Bi-doping levels. Despite the existence of only one chemically unique luminescent center, the NIR emission spectra are still rather broad due to the heterogeneity of Bi + luminescent centers in the disordered aluminosilicate network of pollucite and leucites. specimen, registered at 1150 and 1200 nm (λ ex =532nm). The characteristic decay times, measured at seven different wavelengths are shown in the insert. Fig.7 The influence of the different crystal field strength on the position of the Bi + low excited states and NIR photoluminescence wavelengths in the disordered media.
Figure captions

